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Autophagy dysfunction is associated with human diseases 
and conditions including neurodegenerative diseases, 
metabolic issues, and chronic infections. Additionally, the 
decline in autophagic activity contributes to tissue and organ 
dysfunction and aging-related diseases. Several factors, 
such as down-regulation of autophagy components and 
activators, oxidative damage, microinflammation, and 
impaired autophagy flux, are linked to autophagy decline. 
An autophagy flux impairment (AFI) has been implicated 
in neurological disorders and in certain other pathological 
conditions. Here, to enhance our understanding of AFI, we 
conducted a comprehensive literature review of findings 
derived from two well-studied cellular stress models: 
glucose deprivation and replicative senescence. Glucose 
deprivation is a condition in which cells heavily rely on 
oxidative phosphorylation for ATP generation. Autophagy 
is activated, but its flux is hindered at the autolysis step, 
primarily due to an impairment of lysosomal acidity. Cells 
undergoing replicative senescence also experience AFI, 
which is also known to be caused by lysosomal acidity failure. 
Both glucose deprivation and replicative senescence elevate 
levels of reactive oxygen species (ROS), affecting lysosomal 
acidification. Mitochondrial alterations play a crucial role in 
elevating ROS generation and reducing lysosomal acidity, 
highlighting their association with autophagy dysfunction 
and disease conditions. This paper delves into the underlying 
molecular and cellular pathways of AFI in glucose-deprived 

cells, providing insights into potential strategies for managing 
AFI that is driven by lysosomal acidity failure. Furthermore, 
the investigation on the roles of mitochondrial dysfunction 
sheds light on the potential effectiveness of modulating 
mitochondrial function to overcome AFI, offering new 
possibilities for therapeutic interventions.
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INTRODUCTION

The importance of functional autophagy in healthy tissues is 

suggested by the fact that various pathological conditions, 

such as neurodegenerative disorders including Alzheimer’s 

and Huntington’s diseases, are associated with autophagy 

dysfunction. In addition, aging as well as some metabolic dis-

orders accompany a decline in autophagy activity (Aman et 

al., 2021). Therefore, an intervention to promote autophagy 

functionality would be helpful to delay or improve the deteri-

oration of body functions and the degenerative conditions of 

the aging body and may contribute to preventing a variety of 

disorders. It should be noted that part of the effects of calorie 

restriction, a well-proven regimen for healthy longevity in ani-

mals and humans, is believed to be mediated by the improve-
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ment of autophagy (Morselli et al., 2010). Furthermore, in 

pharmacological interventions that prolong the health span 

of animals, such as treatment with rapamycin, an increase in 

autophagy is a key mechanism involved (Juricic et al., 2022).

	 Various factors are linked to aging- or to a disease-associ-

ated decline in autophagic removal of cellular materials and 

organelles. Down-regulation of key autophagy components 

such as beclin-1 and LC3 (Aman et al., 2021) or key autoph-

agy activators such as SIRT1 and AMP kinase (AMPK) (Lee 

et al., 2008; Salminen and Kaarniranta, 2012) appears to be 

directly or indirectly related to a decline in autophagy during 

aging. Accumulation of oxidative damage or elevation of 

microinflammation, mechanisms that are both strongly impli-

cated in aging and associated diseases as etiological factors, is 

also associated with autophagy inactivation (He et al., 2018). 

The flow of autophagy once activated is also prone to impair-

ment, leading to autophagy failure (Zhang et al., 2013). This 

autophagy flux impairment (AFI) occurs at several different 

steps during the autophagy process but has been most fre-

quently reported at the step of autolysis, where autophago-

somal cargos are degraded by lysosomal hydrolases within 

autolysosomes, a structure formed by autophagosome-lyso-

some fusion. AFI, which usually results in a massive accumula-

tion of autolysosomal vacuoles, has been implicated in various 

neurological disorders (Ntsapi et al., 2016). Furthermore, cell 

survival is critically affected by autophagy flux, and its impair-

ment plays an important etiological role in certain patholog-

ical conditions (Zhang et al., 2013). Therefore, an in-depth 

understanding of the mechanisms underlying the regulation 

of autophagy flux and developing a means to intervene in AFI 

mechanisms are warranted. Although studies on autophagy 

have mainly focused on understanding the mechanisms un-

derlying its activation, recently, the molecular details of AFI 

have slowly been unveiled mainly through work on certain 

cellular stress conditions such as glucose deprivation.

	 Glucose deprivation is a condition in which cells are not 

supplied with glucose but are well fed with other nutrients 

under in vitro or in vivo conditions. In cells starved of glucose, 

autophagy is activated, but its flux is blocked at the autolysis 

step, likely due to poor lysosomal acidity (Song and Hwang, 

2020). A direct role of glucose in the acidification of the lyso-

somal lumen has been demonstrated in early studies, mainly 

in yeast models (Moruno et al., 2012), and therefore the 

absence of glucose itself may be related to an impairment 

of lysosomal acidity. However, it was recently found that a 

high level of reactive oxygen species (ROS) is involved in poor 

lysosome acidification and autolysosome accumulation (Kang 

et al., 2017). Cells starved for glucose also exhibit an increase 

in ROS levels, which is attributed to increased oxidative 

phosphorylation in mitochondria (Song and Hwang, 2020). 

Mitochondria are victims and culprits in the imposing of ox-

idative stress because they both produce ROS and are also 

damaged by them. Even higher levels of ROS are released 

from damaged mitochondria, causing even a higher level of 

damage. Cells subject to ROS-related stress conditions such 

as replicative senescence and glucose deprivation are easi-

ly expected to exhibit this vicious cycle (Kang and Hwang, 

2009; Song and Hwang, 2020; Zorov et al., 2014). In fact, 

upon glucose deprivation, mitochondria undergo a severe 

change in their mass, structure, and function, suggesting an 

involvement of mitochondrial change in lysosomal acidifi-

cation as well as AFI. Therefore, understanding in detail the 

association of mitochondrial changes to AFI and developing 

methods to modulate changes in mitochondria could provide 

an important strategy for intervening in AFI and its associated 

disease conditions. Herein, information from the literature is 

summarized to promote a better understanding of the mo-

lecular and cellular pathways of AFI based primarily on recent 

studies investigating lysosomal acidification during glucose 

deprivation and replicative senescence. Furthermore, the ef-

fectiveness of approach to modulate cellular oxidative stress 

or mitochondrial function on AFI arising from glucose depri-

vation is discussed.

ACTIVATION OF AUTOPHAGY WITH IMPAIRED FLUX 
IN CELLS UNDERGOING GLUCOSE DEPRIVATION

Autophagy activation has been well demonstrated in cells 

in conditions of hypoglycemia in vivo and cells undergoing 

glucose deprivation in vitro (Karabiyik et al., 2021; Moruno 

et al., 2012; Ramirez-Peinado et al., 2013; Song and Hwang, 

2020). An increase in the activities of either or both SIRT1 

and AMPK, which function in autophagy by triggering or 

facilitating autophagosome formation and autophago-

some-lysosome fusion (Hariharan et al., 2010; Huang et al., 

2015; Karabiyik et al., 2021; Wang et al., 2022), or inducing 

inhibition of the negative regulator (Leprivier and Rotblat, 

2020), has been observed in cells undergoing glucose depri-

vation. However, autophagy appears to be successfully ex-

ecuted upon glucose deprivation only briefly. As starvation 

is prolonged over hours, LC3-positive granules, i.e., auto-

phagosomes and autolysosomes, accumulate. Evidence has 

accumulated indicating the involvement of poor autophagic 

degradation rather than a pure increase in autophagy under 

glucose deprivation. Autolysosomes, which are experimen-

tally identified in confocal microscopy as granules in which 

fluorescence signals from LC3 and lysosomes are co-localized, 

increase in number, as shown in Fig. 1 (Glu(-)). The number 

of lysosomes also increases dramatically due to increased ac-

tivity of AMPK (Li et al., 2017), and the majority are present 

as autolysosomes. Furthermore, most lipofuscin granules, 

which are aggregates of oxidatively modified lipids and pro-

teins trapped in lysosomes, co-localize with autolysosomes, 

and their number also increases during glucose deprivation, 

indicating that these autolysosomes are indeed the organelles 

experiencing defects in cargo digestion (Song et al., 2023). 

This glucose-starvation induced AFI has been observed to 

occur in multiple different cell types including human and 

mouse fibroblasts and cancer-derived cells (Ramirez-Peinado 

et al., 2013; Song and Hwang, 2020).

	 Each of the steps in autophagy, cargo recognition, auto-

phagosome enwrapping, autophagosome-lysosome fusion, 

and autolysosomal degradation has been shown to be sub-

ject to interference by the presence of defects or abnormal 

modifications of proteins involved in that process in diseases 

and cellular disease models (Ikenaka et al., 2013; Oh et al., 

2022; Wong and Holzbaur, 2014). In glucose deprivation, 

low acidity within the lysosomal lumen is suggested as the 
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cause of the poor autolysosomal degradation. Low acidity in 

the lumen of lysosomes in glucose-deprived cells have been 

confirmed by measuring the relative acidity of lysosomes 

using commercially available dyes that sense lysosomal pH 

(Lysosensor) and also through visual indication of high pH 

of autolysosomes after transfection of plasmid (ptfLC3) en-

coding a hybrid LC3 protein that emits different fluorescence 

depending on pH (Kimura et al., 2007; Song and Hwang, 

2020).

MECHANISMS UNDERLYING THE IMPAIRMENT OF 
LYSOSOME ACIDIFICATION

At least two different cellular routes have been proposed to 

reduce lysosomal acidity. Mutations in ATP13A2 (PARK9), 

which encodes lysosomal P5-type ATPase, a putative poly-

amine transporter, have been reported to be associated with 

impaired lysosomal acidification and decreased autophago-

somal clearance, which is believed to induce accumulation 

of Lewy bodies associated with neuronal degeneration or 

dementia (Dehay et al., 2012). Although the possible involve-

ment of poor P5-type ATPase has not been ruled out, the loss 

or down-regulation of vacuolar H+-ATPase (V-ATPase), which 

pumps protons into the lumen of the lysosome, has been bet-

ter suggested as a reason for low lysosomal acidity in studies 

on glucose deprivation and is also assumed to be responsible 

for impaired lysosomal acidity in certain pathological condi-

tions (Kim et al., 2021). As to how glucose deprivation drives 

a decrease in V-ATPase activity, two mechanisms have been 

proposed through quite independent studies.

Control by glucose molecules through direct modulation 
of V-ATPase assembly
V-ATPase, the proton pump which creates the luminal acidity 

Fig. 1. Accumulation of autolysosome upon glucose deprivation and its attenuation by the supplementation of an anti-oxidant, 

n-acetyl cysteine (NAC), or an ATM inhibitor, KU60019 (KU). Human fibroblasts were grown in a glucose-free medium for 72 h and 

then subjected to confocal microscopy after staining with antibodies specific to LC3 and Lamp1 to visualize autophagosomes (green 

fluorescence) and lysosomes (red fluorescence), respectively. Both autophagosomes and lysosomes increase dramatically in number 

in glucose-deprived cells (Glu(-)), and most of them co-localize indicating their being autolysosomes. The increase of yellow puncta 

representing autolysosomes is attenuated by the treatment of NAC or KU60019 during the period of glucose deprivation. Scale bars = 10 

μm. Reproduced from Fig. 4C in the article of Song and Hwang (2020) (Biomolecules 10, 761) under the terms of the Creative Commons 

Attribution (CC BY 4.0) license.
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of lysosomes and endosomes, comprises two multiple sub-

unit domains, V1, an ATPase, and V0, a channel responsible 

for proton translocation (Kane, 1995). In mammalian cells as 

well as in yeast, the activity of V-ATPase is regulated by the 

availability of glucose and by cellular energy levels. When glu-

cose is transported into cells, Ras protein signaling is activated 

(Manchester et al., 1994) and stimulates adenylate cyclase to 

produce cyclic AMP, which, in turn, triggers activation of pro-

tein kinase A (PKA). The assembly of the V-ATPase domain 

has been proposed to be driven by PKA-mediated phosphory-

lation of subunit C, a key determinant of the stability of V-AT-

Pase (Alzamora et al., 2010). In the absence of glucose, the 

V1 domain dissociates from the V0 domain, leaving it unable 

to translocate protons into the lumen of the lysosome (Parra 

and Kane, 1998). Glucose is also required for the protein, 

RAVE (regulator of H+-ATPase of vacuoles and endosomes), 

which is released from the vacuolar membranes in the ab-

sence of glucose, to return to the vacuolar membranes and 

facilitates the re-integration of subunit C into the V1 subunit 

(Smardon and Kane, 2007). The finding that glucose avail-

ability determines V-ATPase activity led to the hypothesis that 

V-ATPase disassembly during glucose deprivation is a cellular 

function that limits ATP consumption during times of energy 

stress. Indeed, the disassembly and reassembly of V-ATPase 

are dependent on the cellular glucose concentration and the 

flux of glycolysis. When glucose is available, the glycolytic 

enzymes aldolase and phosphofructokinase interact with 

V-ATPase, promoting assembly (Chan and Parra, 2014; Kane, 

1995; Lu et al., 2007). Interestingly, it has also been reported 

that in acute glucose deprivation, V-ATPase rapidly assembles 

and drives acidification of the lysosome (McGuire and Forgac, 

2018). In the early phase or during a short period of glucose 

deprivation (such as 10 min, as determined by McGuire and 

Forgac, 2018), V-ATPase may be activated for rapid degrada-

tion and recycling of resources for ATP generation. However, 

V-ATPase eventually disassembles, and the lysosomal pH 

gradually increases during chronic glucose deprivation, such 

as over a period of several hours. Thus, ATP consumption 

by V-ATPase pumping protons is suppressed in long-term 

starvation. This suggests that there might be a switch other 

than levels of glucose, by which an active form or assembled 

V-ATPase is inactivated or disassembled. A reduction in cel-

lular ATP levels is not likely a factor since in cells undergoing 

glucose deprivation, ATP levels do not decrease (Song and 

Hwang, 2020) as shown in Fig. 2. A factor that may develop 

under starvation conditions may possibly function as a switch.

High-level ROS-induced V-ATPase inactivation
A second mechanism involves impaired lysosomal acidity due 

to the high levels of ROS and suggests the possibility that ROS 

Fig. 2. An increase in cellular ATP levels is driven by increased mitochondrial ATP production and is accompanied by an increase 

in mitochondrial superoxide generation and mitochondrial content in glucose-deprived cells. (A) During glucose deprivation, there 

is a gradual increase in cellular ATP content over a 72-h period. (B) After at least 1 h of glucose deprivation, ATP production from 

mitochondria increases, while far less ATP is produced from glycolysis. (C) Total cellular oxygen consumption increases immediately after 

glucose deprivation and is maintained for at least 24 h. (D) The levels of mitochondrial (MitoSox) and cytosolic superoxide (DHE) increase 

substantially in glucose-deprived cells. (E) The increase in mitochondrial content during glucose deprivation as determined by using two 

different mitochondria-specific fluorescence dyes, MTG and nonyl acridine orange (NAO). Selectively reproduced from Figs. 1, 2, and 4 in 

the article of Song and Hwang (2018) (Cells 8, 11) under the terms of the Creative Commons Attribution (CC BY 4.0) license.
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levels are a factor that may function as a switch in the V-AT-

Pase inactivation. The involvement of high ROS levels in poor 

lysosome acidity was first proposed by a study on replicative 

senescence. Cells undergoing senescence exhibit a high level 

of β-galactosidase activity, a phenotype called senescence-as-

sociated β–galactosidase (SA β-Gal) activity. Previously, this 

activity was shown to be expressed as a result of an increased 

expression of lysosomal β-galactosidase (Lee et al., 2006). 

Increased lysosomal biogenesis has recently been confirmed 

by increased transcription of lysosomal genes through the 

increase in nuclear-localized transcription factors TFEB/TFE2 

(Curnock et al., 2023). However, this mechanism alone is 

not fully responsible for the elevated lysosomal content in 

senescence. Possible impairment of autophagic flux during 

cellular senescence has been suggested (Jung et al., 2007) 

and provides an answer. In addition, the involvement of de-

fective V-ATPase was also proposed to explain AFI (Kang et 

al., 2017). In the latter study, ROS levels increase during the 

progression of replicative senescence leading to an increase 

in DNA damage and activation of the ataxia-telangiactasia 

mutated (ATM) protein, a serine/threonine kinase (Khanna 

et al., 2001). ATM, a protein majorly functioning in nucleus, 

has been shown to be activated in the cytoplasm in response 

to ROS and to phosphorylate certain factors independently of 

DNA damage (Alexander and Walker, 2010). The ATP6V1G1 

subunit of V-ATPase appears to be one (Kang et al., 2017). 

Importantly, phosphorylation of ATP6V1G1 interferes with 

its interaction with ATP6V1E1, which is necessary for the 

assembly of subunit V1 (Fethiere et al., 2004), leading to its 

disassembly (Kang et al., 2017). As an outcome, V-ATPase is 

inactivated and acidification of lysosomes is impaired. Expo-

sure to KU60019, an inhibitor of ATM, in senescent human 

fibroblasts resulted in an increase in lysosome acidity along 

with a recovery of lysosome function (Kang et al., 2017). 

Senescence is attenuated as determined by increased cell di-

vision and decreased SA β-Gal activity, surprisingly suggesting 

that cellular senescence may be a reversible phenomenon. 

Furthermore, this change was also accompanied by the res-

toration of autophagy flux. These findings provided a better 

understanding of the nature of SA β-Gal activity and also 

the molecular cause for the increase in lysosomal mass in 

senescent cells: the result of an AFI caused by the failure of 

lysosomal acidification driven by high ROS levels. In addition, 

the increase in lysosome biogenesis might be interpreted as 

an effort by the cell to quantitatively compensate for the dys-

function.

	 Cellular mechanisms of glucose deprivation are quite 

analogous in many aspects to those of cellular senescence. 

Importantly, in glucose-deprived cells, ROS levels produced 

by mitochondria appear to increase substantially as shown in 

Fig. 2D, to induce ATM activation (Ahmad et al., 2005; Song 

and Hwang, 2018). ATM activated in the cytoplasm rapidly 

engages in LKB1-AMPK activation to suppress mTORC1 sig-

naling, and thus activate autophagy (Alexander and Walker, 

2010). Importantly, treatment with n-acetyl cysteine (NAC), 

a potent antioxidant chemical, attenuated the impairment 

of lysosomal acidity and autophagic flux as shown in Fig. 1 

(column ‘Glu(-)+NAC’) (Song and Hwang, 2020). Treatment 

of KU60019 also reduced the levels of autolysosomes (Fig. 

1, column ‘Glu(-)+KU’). These suggest a key role for ROS and 

thereby the activation of ATM in lysosomal acidity impairment 

and in AFI in glucose-deprived cells. In addition to cytoplas-

mic ATM activation, ROS might impose further hindrance to 

lysosomal acidity by activating the extracellular signal-regu-

lated kinase (ERK) pathway (Son et al., 2011), which is also 

involved in the activation of autophagy (Son et al., 2013). 

Indeed, ERK is activated in glucose-deprived cells (Lee et al., 

1998; Song and Hwang, 2020). Treatment with an ERK in-

hibitor can partially restore lysosomal acidity and autophagic 

flux (Song and Hwang, 2020). Altogether, these findings 

strongly argue for the possibility that lysosome acidity impair-

ment through V-ATPase inhibition might be a passive event 

simply driven by high-level ROS rather than an outcome of 

the cellular effort to cope with scarcity of the glycolytic sub-

strate.

	 Meanwhile, in a study of cellular senescence, KU60019 

treatment switched mitochondrial metabolic reprogramming 

toward oxidative phosphorylation (Kang et al., 2017). The 

senescent fibroblasts observed in the study presented higher 

oxygen consumption as well as a greater dependence on 

glycolysis to meet energy demands, but following KU-60019 

treatment, these requirements were reduced to those of 

early-passage fibroblasts; the proportion of ATP generation 

from glycolysis was decreased while that from oxidative phos-

phorylation increased. This change in mitochondrial function 

was assumed to be a prerequisite for KU60019 to attenuate 

senescence, although the study did not examine how this 

metabolic shift was caused. Whether the change in AFI status 

induced by KU60019 treatment caused a change in mito-

chondrial status or vice versa is of importance. Compared to 

the rather rapid change in V-ATPase activity and lysosomal 

acidity expected after ATM inhibition, these mitochondrial-as-

sociated changes occurred rather slowly (Kang et al., 2017). 

This suggests that mitochondrial changes may occur as an 

outcome of the alleviation of autolysis impairment.

IMPAIRED MITOPHAGY AGGRAVATES OR CAUSES 
LYSOSOMAL ACIDITY FAILURE

Differently from an initial belief described in early studies 

(Buzzai et al., 2005; Hardie, 2003; Liu et al., 2003), cellu-

lar ATP level does not decline in cells undergoing glucose 

deprivation. Although glycolytic ATP production decreases, 

mitochondrial ATP generation increases dramatically (Ahmad 

et al., 2005; Jelluma et al., 2006; Song and Hwang, 2018) as 

shown in Fig. 2B.

Functional and structural changes of mitochondria in glu-
cose-deprived cells
In fact, as glucose deprivation continues, mitochondria un-

dergo a dramatic change in function and structure, and fatty 

acid β-oxidation increases. And, oxidative phosphorylation 

also increases as indicated by the elevation of cellular respira-

tion (Ahmad et al., 2005; Buzzai et al., 2005; Jelluma et al., 

2006; Swerdlow, 2009) and as shown in Fig. 2C, supporting 

enhanced mitochondrial ATP generation in compensation for 

reduced glycolytic ATP generation. The mitochondrial content 

also increases in parallel (shown in Fig. 2E), providing a basis 
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for the higher levels of ATP and superoxide generation (shown 

in Fig. 2). This increase in mitochondrial content has been re-

ported to be caused by SIRT1 activity-induced mitochondrial 

biogenesis (Song and Hwang, 2018). In glucose-deprived 

cells, SIRT1 activity is enhanced through an increase in the 

NAD+/NADH ratio driven by a decrease in glycolytic reduction 

of NAD+ to NADH and believed to drive mitochondria bio-

genesis along with various other changes (Brenmoehl and 

Hoeflich, 2013). Importantly, in healthy cells, mitochondrial 

biogenesis is balanced by their degradation, which together 

determines mitochondrial quality (Ploumi et al., 2017). How-

ever, this balance is not maintained in glucose-deprived cells. 

Mitochondria appear to resist degradation. Along with this 

increase in cellular mitochondrial content, mitochondria have 

also been shown to get elongated (Song and Hwang, 2018). 

This implies failure of mitophagy, either cause or effect, the 

important consequence of which would be enhancement of 

ROS production (Twig et al., 2008). In cells undergoing repli-

cative senescence, the mitochondria are elongated and also 

resist mitophagy (Kang and Hwang, 2009; Miwa et al., 2022).

Mitophagy failure driven by increased mitochondrial ATP 
generation
An increase in mitochondrial ATP production drives AFI 

through a concomitant increase in ROS levels. It appears that 

a factor is actively involved in this and plays a role in exacer-

Fig. 3. Pathways to autophagy flux impairment (AFI) in glucose-deprived cells and putative effects of nicotinamide (NAM) and 

n-acetyl cysteine (NAC). Upon glucose deprivation, the scarcity of glycolytic pyruvate feed results in an increase in mitochondrial 

respiration and ATP production. Activity of PDK2 also increases and causes a decrease in β-cleavage of PARN and PINK/Parkin-mediated 

mitophagy. This results an increased mitochondrial mass and generation of reactive oxygen species (ROS), through which a vicious cycle 

of mitochondrial ROS generation is eventually formed (indicated by the red circle with arrows). Increased ROS levels activate ATM and 

ERK, which cause the disassembly of V-ATPase and loss of lysosomal acidity. Therefore, lysosomes that increase upon ROS activation of 

AMPK exhibit low acidity. Together, this leads to poor degradation in autolysosomes and impaired autophagy flux. NAM treatment leads 

to elevated mitochondrial levels of NAD+/NADH, which reduces mitochondrial respiration and ATP generation. This increase in NAD+/

NADH levels further activates SIRT1 and SIRT3, which collaborate to induce mitophagy and enhance mitochondrial quality. Consequently, 

NAM supplementation is expected to alleviate AFI by mitigating ROS generation. Meanwhile, treatment of NAC has demonstrated the 

ability to attenuate AFI in glucose-deprived cells, highlighting the effectiveness of reducing ROS stress in attenuating AFI. The expected 

pathways of the effectiveness of NAM and NAC are indicated in blue letters and lines.
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bating the problem. Pyruvate dehydrogenase kinase (PDK) 

2 phosphorylates and inhibits pyruvate dehydrogenase in 

response to elevated mitochondrial level of ATP, and thereby 

downregulates acetyl-CoA feed to TCA cycle while facili-

tating fatty acid oxidation (Foster, 2012). Under conditions 

of glucose deprivation, the activity of PDK2 increases due 

to the scarcity of pyruvate, a negative regulator. PDK2 also 

phosphorylates an inner mitochondrial membrane protein, 

presenilin-associated rhomboid-like protein (PARL), which 

requires β-cleavage, more specifically an autocleavage at its 

N-terminus, to function in mitophagy by facilitating efficient 

PINK-mediated PARKIN recruitment to damaged mitochon-

dria (Shi et al., 2011). PDK2-mediated phosphorylation atten-

uates the β-cleavage of PARL, and thereby, down-regulates 

mitophagy (Shi and McQuibban, 2017). Therefore, increased 

mitochondrial ATP levels result in down-regulation of PINK/

PARKIN-mediated mitophagy, a mechanism that specializes 

in removing damaged parts of mitochondria (Ashrafi and 

Schwarz, 2013). Together, in low levels of glucose availability, 

PDK2 functions to drive a high levels generation of mitochon-

drial ATP via activation of fatty acid oxidation and oxidative 

phosphorylation and downregulation of mitophagy. The 

accompanying elevation of ROS generation from increased 

mass of mitochondria would aggravate V-ATPase inactivation 

leading to lysosomal acidity impairment and AFI. The putative 

pathway that involves PDK2 function in mitophagy is summa-

rized in Fig. 3. Importantly, it is suggested that reducing oxi-

dative phosphorylation and mitochondrial mass, or suppress-

ing the generation of ATP and/or ROS, may be successful in 

attenuating AFI.

CONCLUSION

The studies performed to date strongly suggest that high 

levels of ROS induce AFI by suppressing V-ATPase in lysosome 

membrane through the activation of pathways involving 

ATM and ERK. It is also suggested that, under conditions of 

poor glycolysis, cells, aided by PDK2, also are forced to rely 

on oxidative phosphorylation and produce high levels of ATP 

along with ROS. And, PDK2-mediated downregulation of 

mitophagy and thereby of mitochondria quality drives higher 

ROS levels, which then further aggravates AFI. Therefore, in 

cells undergoing a combination of high levels of ROS and low 

levels of mitophagy, lysosomal acidity impairment is expected 

to be significantly exacerbated. This suggests that AFI in glu-

cose-deprived cells can be alleviated by reducing ROS levels. 

Indeed, the treatment of NAC was shown to significantly at-

tenuate the increase of autolysosomes (Figs. 1 and 3). There-

fore, anti-oxidative therapies might be helpful in preventing 

or alleviating disease associated with AFI. Meanwhile, since 

ROS are mainly produced from dysfunctional mitochondria, 

cells suffering impaired mitophagy or poor mitochondrial 

quality as well are expected to experience AFI; however, AFI 

might have been unnoticed in such cells since autophagy was 

not activated highly enough to be noticed. Therefore, mito-

chondria structural dynamics and active mitophagy might 

be importantly working in suppressing AFI in normal cellular 

life (Nakamura and Yoshimori, 2018; Yoo and Jung, 2018). 

Furthermore, means to activate mitophagy can be helpful in 

preventing AFI-associated diseases. In this context, it is note-

worthy to mention a possible effectiveness of the treatment 

of nicotinamide (NAM), a precursor of nicotinamide adenine 

dinucleotide (NAD+). NAM has been shown to exert various 

beneficial effects on cells including expansion of replication 

and differentiation capacities. An important mechanism of 

NAM’s effectiveness involves a marked suppression of mito-

chondrial ROS generation, which is attributed to enhanced 

mitochondrial structural dynamics mediated by SIRT1 ac-

tivation as indicated in Fig. 3 (Jang et al., 2012; Kang and 

Hwang, 2009; Kwak et al., 2015). Therefore, the application 

of NAM (as well as possibly other NAD+ precursors) and other 

chemicals with pro-mitophagic potential can be considered 

as therapeutics in preventing or slowing the progression of 

AFI-related diseases. Overall, this study presents an important 

clue for managing AFI and mitigating associated issues in rel-

evant diseases.

ACKNOWLEDGMENTS
This work was supported by the Basic Study and Interdisci-

plinary R&D Foundation Fund from the University of Seoul 

(2021-2022) granted to E.S.H.

AUTHOR CONTRIBUTIONS
S.B.S. and E.S.H. conceived and designed the study. S.B.S. 

performed experiments evaluating the effects of nicotin-

amide. E.S.H. took the leading role in writing the manuscript 

and creating figures. Both authors reviewed, revised, and ap-

proved the final version of the manuscript.

CONFLICT OF INTEREST
The authors have no potential conflicts of interest to disclose.

ORCID
Eun Seong Hwang	 https://orcid.org/0000-0001-8580-8444

Seon Beom Song	 https://orcid.org/0000-0001-6497-1146

REFERENCES

Ahmad, I.M., Aykin-Burns, N., Sim, J.E., Walsh, S.A., Higashikubo, R., 
Buettner, G.R., Venkataraman, S., Mackey, M.A., Flanagan, S.W., Oberley, 
L.W., et al. (2005). Mitochondrial O2*- and H2O2 mediate glucose 
deprivation-induced stress in human cancer cells. J. Biol. Chem. 280, 4254-
4263.

Alexander, A. and Walker, C.L. (2010). Differential localization of ATM is 
correlated with activation of distinct downstream signaling pathways. Cell 
Cycle 9, 3685-3686.

Alzamora, R., Thali, R.F., Gong, F., Smolak, C., Li, H., Baty, C.J., Bertrand, 
C.A., Auchli, Y., Brunisholz, R.A., Neumann, D., et al. (2010). PKA regulates 
vacuolar H+-ATPase localization and activity via direct phosphorylation of 
the a subunit in kidney cells. J. Biol. Chem. 285, 24676-24685.

Aman, Y., Schmauck-Medina, T., Hansen, M., Morimoto, R.I., Simon, A.K., 
Bjedov, I., Palikaras, K., Simonsen, A., Johansen, T., Tavernarakis, N., et al. 
(2021). Autophagy in healthy aging and disease. Nat. Aging 1, 634-650.

Ashrafi, G. and Schwarz, T.L. (2013). The pathways of mitophagy for 
quality control and clearance of mitochondria. Cell Death Differ. 20, 31-
42.

Brenmoehl, J. and Hoeflich, A. (2013). Dual control of mitochondrial 
biogenesis by sirtuin 1 and sirtuin 3. Mitochondrion 13, 755-761.

Buzzai, M., Bauer, D.E., Jones, R.G., Deberardinis, R.J., Hatzivassiliou, G., 

https://orcid.org/0000-0001-8580-8444
https://orcid.org/0000-0001-6497-1146


662  Mol. Cells 2023; 46(11): 655-663  

Low Lysosomal Acidity and Autophagy Flux Blockade
Eun Seong Hwang and Seon Beom Song

Elstrom, R.L., and Thompson, C.B. (2005). The glucose dependence of Akt-
transformed cells can be reversed by pharmacologic activation of fatty 
acid beta-oxidation. Oncogene 24, 4165-4173.

Chan, C.Y. and Parra, K.J. (2014). Yeast phosphofructokinase-1 subunit 
Pfk2p is necessary for pH homeostasis and glucose-dependent vacuolar 
ATPase reassembly. J. Biol. Chem. 289, 19448-19457.

Curnock, R., Yalci, K., Palmfeldt, J., Jaattela, M., Liu, B., and Carroll, B. (2023). 
TFEB-dependent lysosome biogenesis is required for senescence. EMBO 
J. 42, e111241.

Dehay, B., Martinez-Vicente, M., Ramirez, A., Perier, C., Klein, C., Vila, 
M., and Bezard, E. (2012). Lysosomal dysfunction in Parkinson disease: 
ATP13A2 gets into the groove. Autophagy 8, 1389-1391.

Fethiere, J., Venzke, D., Diepholz, M., Seybert, A., Geerlof, A., Gentzel, M., 
Wilm, M., and Bottcher, B. (2004). Building the stator of the yeast vacuolar-
ATPase: specific interaction between subunits E and G. J. Biol. Chem. 279, 
40670-40676.

Foster, D.W. (2012). Malonyl-CoA: the regulator of fatty acid synthesis and 
oxidation. J. Clin. Invest. 122, 1958-1959.

Hardie, D.G. (2003). Minireview: the AMP-activated protein kinase cascade: 
the key sensor of cellular energy status. Endocrinology 144, 5179-5183.

Hariharan, N., Maejima, Y., Nakae, J., Paik, J., Depinho, R.A., and 
Sadoshima, J. (2010). Deacetylation of FoxO by Sirt1 plays an essential 
role in mediating starvation-induced autophagy in cardiac myocytes. Circ. 
Res. 107, 1470-1482.

He, Y., She, H., Zhang, T., Xu, H., Cheng, L., Yepes, M., Zhao, Y., and 
Mao, Z. (2018). p38 MAPK inhibits autophagy and promotes microglial 
inflammatory responses by phosphorylating ULK1. J. Cell Biol. 217, 315-
328.

Huang, R., Xu, Y., Wan, W., Shou, X., Qian, J., You, Z., Liu, B., Chang, C., 
Zhou, T., Lippincott-Schwartz, J., et al. (2015). Deacetylation of nuclear LC3 
drives autophagy initiation under starvation. Mol. Cell 57, 456-466.

Ikenaka, K., Kawai, K., Katsuno, M., Huang, Z., Jiang, Y.M., Iguchi, Y., 
Kobayashi, K., Kimata, T., Waza, M., Tanaka, F., et al. (2013). dnc-1/dynactin 
1 knockdown disrupts transport of autophagosomes and induces motor 
neuron degeneration. PLoS One 8, e54511.

Jang, S.Y., Kang, H.T., and Hwang, E.S. (2012). Nicotinamide-induced 
mitophagy: event mediated by high NAD+/NADH ratio and SIRT1 protein 
activation. J. Biol. Chem. 287, 19304-19314.

Jelluma, N., Yang, X., Stokoe, D., Evan, G.I., Dansen, T.B., and Haas-Kogan, 
D.A. (2006). Glucose withdrawal induces oxidative stress followed by 
apoptosis in glioblastoma cells but not in normal human astrocytes. Mol. 
Cancer Res. 4, 319-330.

Jung, T., Bader, N., and Grune, T. (2007). Lipofuscin: formation, distribution, 
and metabolic consequences. Ann. N. Y. Acad. Sci. 1119, 97-111.

Juricic, P., Lu, Y.X., Leech, T., Drews, L.F., Paulitz, J., Lu, J., Nespital, T., Azami, 
S., Regan, J.C., Funk, E., et al. (2022). Long-lasting geroprotection from 
brief rapamycin treatment in early adulthood by persistently increased 
intestinal autophagy. Nat. Aging 2, 824-836.

Kane, P.M. (1995). Disassembly and reassembly of the yeast vacuolar 
H(+)-ATPase in vivo. J. Biol. Chem. 270, 17025-17032.

Kang, H.T. and Hwang, E.S. (2009). Nicotinamide enhances mitochondria 
quality through autophagy activation in human cells. Aging Cell 8, 426-
438.

Kang, H.T., Park, J.T., Choi, K., Kim, Y., Choi, H.J.C., Jung, C.W., Lee, Y.S., 
and Park, S.C. (2017). Chemical screening identifies ATM as a target for 
alleviating senescence. Nat. Chem. Biol. 13, 616-623.

Karabiyik, C., Vicinanza, M., Son, S.M., and Rubinsztein, D.C. (2021). 
Glucose deprivation induces autophagy via ULK1-mediated activation of 
PIKfyve in an AMPK-dependent manner. Dev. Cell 56, 1961-1975.e5.

Khanna, K.K., Lavin, M.F., Jackson, S.P., and Mulhern, T.D. (2001). ATM, a 
central controller of cellular responses to DNA damage. Cell Death Differ. 

8, 1052-1065.

Kim, H.J., Han, Y.H., Kim, J.Y., and Lee, M.O. (2021). RORalpha enhances 
lysosomal acidification and autophagic flux in the hepatocytes. Hepatol. 
Commun. 5, 2121-2138.

Kimura, S., Noda, T., and Yoshimori, T. (2007). Dissection of the 
autophagosome maturation process by a novel reporter protein, tandem 
fluorescent-tagged LC3. Autophagy 3, 452-460.

Kwak, J.Y., Ham, H.J., Kim, C.M., and Hwang, E.S. (2015). Nicotinamide 
exerts antioxidative effects on senescent cells. Mol. Cells 38, 229-235.

Lee, B.Y., Han, J.A., Im, J.S., Morrone, A., Johung, K., Goodwin, E.C., Kleijer, 
W.J., DiMaio, D., and Hwang, E.S. (2006). Senescence-associated beta-
galactosidase is lysosomal beta-galactosidase. Aging Cell 5, 187-195.

Lee, I.H., Cao, L., Mostoslavsky, R., Lombard, D.B., Liu, J., Bruns, N.E., 
Tsokos, M., Alt, F.W., and Finkel, T. (2008). A role for the NAD-dependent 
deacetylase Sirt1 in the regulation of autophagy. Proc. Natl. Acad. Sci. U. 
S. A. 105, 3374-3379.

Lee, Y.J., Galoforo, S.S., Berns, C.M., Chen, J.C., Davis, B.H., Sim, J.E., Corry, 
P.M., and Spitz, D.R. (1998). Glucose deprivation-induced cytotoxicity and 
alterations in mitogen-activated protein kinase activation are mediated 
by oxidative stress in multidrug-resistant human breast carcinoma cells. J. 
Biol. Chem. 273, 5294-5299.

Leprivier, G. and Rotblat, B. (2020). How does mTOR sense glucose 
deprivation? AMPK is the usual suspect. Cell Death Discov. 6, 27.

Li, X., Yu, W., Qian, X., Xia, Y., Zheng, Y., Lee, J.H., Li, W., Lyu, J., Rao, G., 
Zhang, X., et al. (2017). Nucleus-translocated ACSS2 promotes gene 
transcription for lysosomal biogenesis and autophagy. Mol. Cell 66, 684-
697.e9.

Liu, Y., Song, X.D., Liu, W., Zhang, T.Y., and Zuo, J. (2003). Glucose 
deprivation induces mitochondrial dysfunction and oxidative stress in 
PC12 cell line. J. Cell. Mol. Med. 7, 49-56.

Lu, M., Ammar, D., Ives, H., Albrecht, F., and Gluck, S.L. (2007). Physical 
interaction between aldolase and vacuolar H+-ATPase is essential for the 
assembly and activity of the proton pump. J. Biol. Chem. 282, 24495-
24503.

Manchester, J., Kong, X., Lowry, O.H., and Lawrence, J.C., Jr. (1994). Ras 
signaling in the activation of glucose transport by insulin. Proc. Natl. Acad. 
Sci. U. S. A. 91, 4644-4648.

McGuire, C.M. and Forgac, M. (2018). Glucose deprivation increases 
V-ATPase assembly and activity in mammalian cells through AMP kinase 
and phosphatidylinositide 3-kinase/Akt signaling. J. Biol. Chem. 293, 
9113-9123.

Miwa, S., Kashyap, S., Chini, E., and von Zglinicki, T. (2022). Mitochondrial 
dysfunction in cell senescence and aging. J. Clin. Invest. 132, e158447.

Morselli, E., Maiuri, M.C., Markaki, M., Megalou, E., Pasparaki, A., Palikaras, 
K., Criollo, A., Galluzzi, L., Malik, S.A., Vitale, I., et al. (2010). Caloric 
restriction and resveratrol promote longevity through the Sirtuin-1-
dependent induction of autophagy. Cell Death Dis. 1, e10.

Moruno, F., Perez-Jimenez, E., and Knecht, E. (2012). Regulation of 
autophagy by glucose in Mammalian cells. Cells 1, 372-395.

Nakamura, S. and Yoshimori, T. (2018). Autophagy and longevity. Mol. 
Cells 41, 65-72.

Ntsapi, C., Swart, C., Lumkwana, D., and Loos, B. (2016). Autophagic flux 
failure in neurodegeneration: identifying the defect and compensating 
flux offset. In Autophagy in Current Trends in Cellular Physiology and 
Pathology, N.V. Gorbunov and M. Schneider, eds. (Rijeka: IntechOpen), 
pp. 157-176.

Oh, C.K., Dolatabadi, N., Cieplak, P., Diaz-Meco, M.T., Moscat, J., Nolan, 
J.P., Nakamura, T., and Lipton, S.A. (2022). S-Nitrosylation of p62 Inhibits 
autophagic flux to promote alpha-synuclein secretion and spread in 
Parkinson's disease and Lewy body dementia. J. Neurosci. 42, 3011-3024.

Parra, K.J. and Kane, P.M. (1998). Reversible association between the 



  Mol. Cells 2023; 46(11): 655-663  663

Low Lysosomal Acidity and Autophagy Flux Blockade
Eun Seong Hwang and Seon Beom Song

V1 and V0 domains of yeast vacuolar H+-ATPase is an unconventional 
glucose-induced effect. Mol. Cell. Biol. 18, 7064-7074.

Ploumi, C., Daskalaki, I., and Tavernarakis, N. (2017). Mitochondrial 
biogenesis and clearance: a balancing act. FEBS J. 284, 183-195.

Ramirez-Peinado, S., Leon-Annicchiarico, C.L., Galindo-Moreno, J., Iurlaro, 
R., Caro-Maldonado, A., Prehn, J.H.M., Ryan, K.M., and Munoz-Pinedo, C. 
(2013). Glucose-deprived cells do not engage in prosurvival autophagy. J. 
Biol. Chem. 288, 30387-30398.

Salminen, A. and Kaarniranta, K. (2012). AMP-activated protein kinase 
(AMPK) controls the aging process via an integrated signaling network. 
Ageing Res. Rev. 11, 230-241.

Shi, G., Lee, J.R., Grimes, D.A., Racacho, L., Ye, D., Yang, H., Ross, O.A., Farrer, 
M., McQuibban, G.A., and Bulman, D.E. (2011). Functional alteration of 
PARL contributes to mitochondrial dysregulation in Parkinson's disease. 
Hum. Mol. Genet. 20, 1966-1974.

Shi, G. and McQuibban, G.A. (2017). The mitochondrial rhomboid 
protease PARL is regulated by PDK2 to integrate mitochondrial quality 
control and metabolism. Cell Rep. 18, 1458-1472.

Smardon, A.M. and Kane, P.M. (2007). RAVE is essential for the efficient 
assembly of the C subunit with the vacuolar H(+)-ATPase. J. Biol. Chem. 
282, 26185-26194.

Son, Y., Cheong, Y.K., Kim, N.H., Chung, H.T., Kang, D.G., and Pae, H.O. 
(2011). Mitogen-activated protein kinases and reactive oxygen species: 
how can ROS activate MAPK pathways? J. Signal Transduct. 2011, 792639.

Son, Y., Kim, S., Chung, H.T., and Pae, H.O. (2013). Reactive oxygen species 
in the activation of MAP kinases. Methods Enzymol. 528, 27-48.

Song, S.B. and Hwang, E.S. (2018). A rise in ATP, ROS, and mitochondrial 

content upon glucose withdrawal correlates with a dysregulated 
mitochondria turnover mediated by the activation of the protein 
deacetylase SIRT1. Cells 8, 11.

Song, S.B. and Hwang, E.S. (2020). High levels of ROS impair lysosomal 
acidity and autophagy flux in glucose-deprived fibroblasts by activating 
ATM and Erk pathways. Biomolecules 10, 761.

Song, S.B., Shim, W., and Hwang, E.S. (2023). Lipofuscin granule 
accumulation requires autophagy activation. Mol. Cells 46, 486-495.

Swerdlow, R.H. (2009). Mitochondrial medicine and the neurodegenerative 
mitochondriopathies. Pharmaceuticals (Basel) 2, 150-167.

Twig, G., Elorza, A., Molina, A.J., Mohamed, H., Wikstrom, J.D., Walzer, G., 
Stiles, L., Haigh, S.E., Katz, S., Las, G., et al. (2008). Fission and selective 
fusion govern mitochondrial segregation and elimination by autophagy. 
EMBO J. 27, 433-446.

Wang, S., Li, H., Yuan, M., Fan, H., and Cai, Z. (2022). Role of AMPK in 
autophagy. Front. Physiol. 13, 1015500.

Wong, Y.C. and Holzbaur, E.L. (2014). The regulation of autophagosome 
dynamics by huntingtin and HAP1 is disrupted by expression of mutant 
huntingtin, leading to defective cargo degradation. J. Neurosci. 34, 1293-
1305.

Yoo, S. and Jung, Y. (2018). A molecular approach to mitophagy and 
mitochondrial dynamics. Mol. Cells 41, 18-26.

Zhang, X.J., Chen, S., Huang, K.X., and Le, W.D. (2013). Why should 
autophagic flux be assessed? Acta Pharmacol. Sin. 34, 595-599.

Zorov, D.B., Juhaszova, M., and Sollott, S.J. (2014). Mitochondrial reactive 
oxygen species (ROS) and ROS-induced ROS release. Physiol. Rev. 94, 
909-950.


